We assessed the infection risks related to the use of wastewater in Abidjan, Côte d'Ivoire, by using quantitative microbial risk assessment (QMRA). Giardia lamblia and Escherichia coli were isolated and identified in wastewater samples from the canal and lagoon. The exposure assessment was conducted using a cross-sectional survey by questionnaire with 150 individuals who were in contact with the wastewater during their daily activities of swimming, fishing, washing, and collecting materials for reuse. Risk was characterised using the Monte Carlo simulation with 10,000 iterations.
INTRODUCTION
Like other large cities in developing countries, Abidjan, the economic capital of Côte d'Ivoire, is undergoing rapid urbanisation, characterised by strong demographic expansion and concentration of industries (Koné et al. ) . Demographic, economic and urban growth are the causes of different types of environmental pollution, among which the production of solid, liquid and gaseous waste contribute to negative consequences for the health of exposed populations (Cissé ; infections, gastroenteritis and more serious pathologies like haemolytic-uraemic syndrome (Westrell et al. ) .
Quantitative microbial risk assessment (QMRA) is an analytical method which allows quantitative characterisation and estimation of potential risk for the health of the population exposed due to microorganisms. It allows the quantification of the infection risk and assessment of critical aspects in the food chain as a whole and within sanitation systems (Haas et al. ; Howard et al. ; Mara et al. ) .
QMRA has been used to assess the health risks associated with consuming wastewater-irrigated food crops and vegetables (Petterson et Use of urban wastewater and lagoon water in agriculture and for other human activities is widespread in Yopougon municipality. In the canal, some people recover objects from the wastewater, while others use this water to wash plastic bags which will then be sold and recycled at an industrial level (Silué et al. ) . The population living close to the lagoon fish, swim and wash dishes in the lagoon water.
This study aims to evaluate the microbiological quality of urban wastewater and lagoon water using QMRA to quantify microbial infection risks linked to their use.
METHODS

Study site
The study was undertaken in the Uniwax catchment in Yopougon municipality ( Figure 1 ). With an area of about 153 km 2 and an estimated population of 1,000,000 inhabitants (INS ), this municipality is the largest and most populated in Abidjan. Its southern part includes a very long lagoon coast along which several peri-urban villages are set, two of which are Azito and Béago. These villages are close to the outlet of the largest municipal wastewater drainage canal.
The Uniwax catchment has 459,000 inhabitants (INS ) on its 2,500 hectares and the flow rate of wastewater at its outlet is about 47,500 m 3 /day (Koné  Other studies reported the presence of G. lamblia in 
Exposure assessment
The aim of the exposure assessment was to estimate concentrations and doses of pathogens likely to cause infections in the human body. Four parameters were measured: pathogen concentration in wastewater and lagoon water, number of people exposed, frequency of exposure and volume of water ingested during exposure.
The sampling method and the laboratory analysis were performed according to the guidelines of the Association Française de Normalisation (AFNOR ). Ten water sampling points were chosen, six in the Uniwax canal (P 1 to P 6 ) and four in the Ebrié Lagoon, close to the villages of Azito and Béago (P 7 to P 10 ) ( Figure 1 ). The sampling points corresponded to places where human activities involved direct contact with water. Samples were taken on four days in July 2009, with an interval of 7 days between each sampling. In total, 24 samples from the canal (wastewater) and 16 samples of water from the lagoon were collected.
The samples for the E. coli analysis were collected in 250 mL polyethylene flasks and kept in a cooler until they reached the laboratory. The samples for G. lamblia analysis were collected in 1 L flasks and transferred to the laboratory.
For E. coli detection, one or several decimal dilutions were made in the laboratory by adding 1 mL of sample to 9 mL of buffered peptone water, and organisms were enumerated on eosin methylene blue agar, followed by confirmative tests with the reduced set of tests recommended by Le Minor.
The Giardia cysts were studied and isolated according to the sodium acetate formalin (SAF) technique (AFNOR ). After 2 to 6 hours of settling of the 1 L sample, the sediment was collected and added to 10 mL SAF solution, and centrifuged for 5 min at 2,000 r.p.m. The precipitate was then mixed with 7 mL NaCl solution and 3 mL ether.
This was again centrifuged for 5 min at 2,000 r.p.m. The cysts were then identified and enumerated with an optical microscope at a magnification of 50 ×.
The number of people exposed and the frequency of exposure were estimated in a cross-sectional survey by using a questionnaire targeting people who engaged in activities in the canal or lagoon waters. Systematic sampling was done along the canal and the lagoon villages of Azito and Béago with a total of 150 participants who were interviewed on their activities related to wastewater contact and reuse. The variables are: the identity of sampled individuals, the size of the population exposed, the exposure frequency, the behaviour in relation to water and the perception of the risk.
Activities such as (1) involuntarily while washing plastic bags in the canal was based on that for irrigation or laundry activities and was assumed to be 10 mL, and the volume of water ingested by people swimming or fishing in the lagoon was assumed to be 100 mL per exposure. Finally, calculating the percentage of people in contact with the canal's wastewater and the lagoon water allowed assessment of the risk for the population as a whole.
Dose-response assessment
The objective of this step was to define a relationship between the level of exposure to microorganisms and the probability that it will cause a deleterious effect. Doseresponse assessment is a mathematical method which generally uses the Beta-Poisson model and the exponential model. 
where P inf is the probability of infection, D is the microbial dose ingested, N 50 is the median infection dose representing the number of organisms that will infect 50% of the exposed population [N 50 ¼ β/(2 1/α À 1)] and k, α and β are constants. 
Risk characterisation
The risk characterisation consists of calculating the annual infection probability (P). It is linked to multiple exposures per person (Sakaji & Funamizu ) and was calculated as
where P is the annual probability of infection, P inf is the probability of infection for a single exposure to a dose D of organisms and n is the frequency of exposure, i.e. the number of days per year during which a person is exposed to a dose D of pathogenic agents.
In the current study, infection risk was calculated using a stochastic approach, with inputs as probability density functions of each parameter if data were available, and plausible for fitting a probability density function and Monte Carlo simulation with 10,000 iterations. Calculations showed that concentrations of pathogens in different replicates and the frequency of the event where people are exposed to wastewater fit best to a negative binomial distribution. Monte Carlo simulation gave a range of possible risks, including average and worst-case scenarios. The output of the model was again with a Monte Carlo simulation with 10,000 iterations. Results were expressed as the risk of infection, per person, per single exposure, as well as by yearly risk with multiple exposures. In the latter, the risk was presented by mean, minimum, maximum and standard deviation of 10,000 simulation values of risk. 
Statistical data analysis
RESULTS
Concentration of pathogens in water
Table 1 presents concentrations of E. coli and G. lamblia at the different sampling points, as well as measurements of physico-chemical parameters (temperature, pH, conductivity and dissolved oxygen).
There was high concentration of E. coli (12.8 CFU/ 100 mL to 2.97 × 10 4 CFU/100 mL) and G. lamblia (0-18.5 cysts/L) in both the urban canal wastewater (P 1 to P 6 ) and the lagoon water (P 7 to P 10 ). The pollution was not homogenous from one sampling point to another one along the canal or the lagoon. There was a positive correlation between the E. coli concentration and the number of G. lamblia cysts (r ¼ 0.52, P < 0.05, Pearson correlation).
However, neither the E. coli nor the G. lamblia concentrations were correlated to the temperature or the pH of the water.
Exposure to hazards
The volumes of water ingested during each exposure scenario are presented in Table 2 . It appeared that the main risk-prone activities in the population were the washing of plastic bags, with 42% of the population being exposed, followed by the collection of plastic bags and fishing, both 22%, and finally swimming, 16%. The average annual exposure frequency was calculated on the basis of the number of weekly exposures (Table 2) Based on the questionnaire, 84% of sampled individuals conducted activities directly in contact with wastewater from the canal and lagoon water. Nearly all these individuals (99%) did not have or use any protection measures.
The remaining 1% used only gloves. Fishing and swimming Canal P 1 3.6.10 3 ± 5,423 0.0 ± 0 29.1 ± 0.2 9.4 ± 0.5 2.4 ± 0.3 1,038 ± 893 P 2 6.1.10 3 ± 5,094 0.5 ± 1 28.5 ± 0.9 9.1 ± 1.2 0.8 ± 0.8 969 ± 240 P 3 2.6.10 3 ± 3,193 9.5 ± 15 28.2 ± 0.5 8.6 ± 2.1 0.6 ± 0.9 2,208 ± 982 P 4 2.1.10 4 ± 9.1 18.5 ± 16
28.2 ± 0.4 7.9 ± 1.1 0.1 ± 0.0 1,601 ± 148 P 5 3.0.10 4 ± 8.9 17.5 ± 12 27.5 ± 0.3 7.3 ± 0.2 0.1 ± 0.0 1,490 ± 145 P 6 1.3.10 4 ± 2.8 14.8 ± 2 30.5 ± 1.7 7.5 ± 0.1 0. Detection limit was 1 cyst/1 L of water analysed by SAF method. Adapted from Genthe & Rodda (1999) .
were done without any particular protective measures. Concerning accidental ingestion of water during activities, 67%
of sampled people stated that they involuntarily ingested water from the canal and the lagoon. However, this information was difficult to verify, thus the volume of water consumed was estimated from literature sources.
Estimates of yearly average infection risks for E. coli (90.07-99.90%, assuming that 8% of E. coli were E. coli O157:H7) and G. lamblia (9.42-34.78%) were much higher than the acceptable risk (10 À4 ). In contrast, the amount of G. lamblia (average of 15.1 cysts/L) was higher than that found in the wastewater of the city of Sidi Yahia, Morocco (estimated 5.43 cysts /L) (Sylla & Belghyti ) . The low concentration of microorganisms recorded upstream from the canal could be explained by the fact that this wastewater was predominantly industrial and chemical pollution was probably present. Indeed, the pH of the water upstream (P 1,2 ) was higher (9.26 ± 0.86) than that downstream (7.79 ± 1.2; P 4,5,6 ). A similar trend was observed for conductivity, salinity and redox potential (Table 1) . The volume of water that was involuntarily ingested by people washing plastic bags was an assumption based on the value for that involuntarily ingested during irrigation, due to the similarity of the mode of contact with wastewater during both types of activities. We also note a similarity between our results and those found by Seidu et al. () in Ghana.
Infection risk
Their analysis showed that annual infection risks by Ascaris associated with the use of wastewater from sewers and streams were 8.2 × 10 À2 and 8.4 × 10 À2 , respectively. In addition to the use of wastewater and the consumption of products irrigated with wastewater, the contamination of soils has been shown to be a non-negligible risk factor (Mara et al. ).
CONCLUSIONS
Using E. coli and G. lamblia as indicators, the current study highlighted the poor quality of the canal and lagoon water which is negatively influenced by the discharges from Yopougon municipality. Levels of E. coli and G. lamblia in canal water exceeded the acceptable limits for swimming and reuse of water for crop irrigation. Consequently, the infection risks caused by these micro-organisms in both the canal and lagoon were high from 90.07 to 99.90% and from 9.42 to 34.78%, respectively, for E. coli O157:H7 and G.
lamblia. This study has assessed the real risk of people who use urban wastewater for various activities in Côte d'Ivoire. In particular, collecting and washing plastic bagsthe most common activities in the canal in Youpogonconstitute an important health risk to workers, which needs interventions from different perspectives to reduce health risk. Our study also showed that QMRA is appropriate to study health risks in settings with limited resources.
